The nitrate form of Ni-Al layered double hydroxide (denoted as Ni-Al-NO 3 -LDH) and the corresponding carbonate form (denoted as Ni-Al-CO 3 -LDH) were tunably fabricated by the hexamethylenetetramine hydrolysis method. A catalytic behaviour investigation proved Ni-Al-CO 3 -LDH to be an ineffective catalyst, while for Ni-Al-NO 3 -LDH excellent catalytic activity and reusability were obtained, in the acetalisation of furfural to furfural diethyl acetal. Characterisation and analysis revealed that the appearance of Lewis acid sites in Ni-Al-NO 3 -LDH was responsible for its excellent catalytic performance. The acquired kinetic parameters confirmed that this reaction was a first-order process and the apparent activation energy was 36.28 kJ mol -1 , which is in reasonable agreement with the theoretical result of 38.57 kJ mol -1 . Additionally, apart from the typical Brønsted acid catalytic mechanism, a possible Lewis acid catalytic mechanism was probed theoretically.
INTRODUCTION
Acetalisation is a viable method to protect carbonyl functionalities in organic compounds and offers a potential synthetic strategy for synthesising derived chemicals. Furfural diethyl acetal is an important perfume material, which is usually obtained by acid catalysis in the acetalisation of furfural to furfural diethyl acetal using ethanol as a renewable solvent. During the past few decades, the catalysts utilised in the synthesis of furfural diethyl acetal have undergone the transition from mineral acid (H 2 SO 4 or HCl) to solid catalysts (with strong Brønsted acidity) [1, 2] . Owing to their superiority in recyclability and separation, heterogeneous catalysts have been becoming more attractive in practice. As a potential heterogeneous catalyst, layered double hydroxide (LDH) precursors have been extensively studied in environmentally-friendly reactions as catalysts [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . However, LDH precursors are seldom studied in organic synthetic procedures as acid catalysts. Such limited employment of LDH precursors as acid catalysts is possibly related to the absence of the necessary suitable acid sites [18] [19] [20] [21] [22] . If suitable acidic sites can be established in a suitable synthetic environment, LDH precursors should gain wider recognition as catalysts.
www.prkm.co.uk Noting the wide application of Ni-Al layered double hydroxides (Ni-Al-LDHs) [23, 24] , here we have innovatively prepared Ni-Al-LDHs under different pH conditions by the hexamethylenetetramine (HMT) hydrolysis reaction and evaluated their catalytic performance towards the synthesis of furfural diethyl acetal from furfural and ethanol. Finally, the reaction kinetics and other parameters were determined, leading to a realistic Lewis acid catalytic reaction mechanism. These basic studies may provide useful guidelines for further design of LDH catalysts and future studies on the acetalisation reaction. were added into a beaker. The mixtures were stirred for 30 min and then treated hydrothermally at 413 K for 24 h, followed by cooling down the autoclave to room temperature. After measuring the pH values, the samples were dried at 353 K overnight in an air oven.
EXPERIMENTAL

Materials
Catalyst characterisation
Powder X-ray diffraction patterns (XRD) of the synthesised products were recorded on a Rigaku D/max-2500 instrument (40 kV, 100 mA) using Cu Kα radiation at a scanning rate of 8° min -1 , with a scan range of 2θ from 5 to 65°. Elemental analysis of the metal content was performed using inductively coupled plasma atomic emission spectroscopy (ICP-AES) with an ICPS-7500 spectrometer. C, H and N elemental analysis was carried out with an Elementar Vario elemental analyser. The NH 3 -temperature programmed desorption (NH 3 -TPD) experiment was performed on a TP-5080 instrument together with a HIDEN QIC-20 mass spectrometer. The Ni-Al-LDH (about 0.1 g) was flushed initially with a He flow at 353 K for 3 h, then it was cooled to 323 K and then saturated with NH 3 . After NH 3 exposure, the sample was purged with He until the excess of NH 3 was removed. Then the NH 3 -TPD data were collected in a helium flow over a temperature range from 323 to 523 K at a heating rate of 10 K min -1 . A mass spectrometer was used to analyse the desorption products. Fourier transform infrared (FTIR) spectra of the samples were recorded on a Bruker Vector 22 FTIR spectrometer. The sample was first pressed into a self-supported wafer. Prior to the measurement, the sample cell was evacuated to 1 × 10 -2 Pa at 423 K for 2 h; the IR spectra were then recorded at room temperature. To obtain the FTIR spectra for pyridine adsorption (Py-IR), pyridine vapour was introduced into the cell at room temperature for 1 h; the spectra were then recorded after evacuation at 423 K for 20 min.
One-pot synthesis of furfural diethyl acetal
A three-necked flask equipped with a condenser and a thermometer was placed in a DF-101S magnetically stirred water bath, then definite dosages of furfural, ethanol and the Ni-Al-LDH www.prkm.co.uk catalyst (pretreated at 353 K with N 2 flushing for 2 h) were added. Zero time was taken to be when the temperature reached the desired value. After the reaction had proceeded for a certain time at a constant temperature and atmospheric pressure, the reaction mixture was qualitatively analysed using an HP C6890A/5973 gas chromatograph/mass selective detector system equipped with a FFAP column (30 m × 0.32 mm × 0.5 µm) and a FID detector. Authentic samples of furfural and furfural diethyl acetal were used as standards to obtain quantitative calibration curves. The following formulae were employed to calculate furfural conversion and furfural diethyl acetal selectivity where furfural is denoted FUR and furfural diethyl acetal is denoted FDA. The reaction for the acetalisation of furfural to furfural diethyl acetal is shown in Scheme 1. In recycling experiments, the same experimental conditions as above were applied. The spent Ni-Al-NO 3 -LDH catalyst was simply recycled by centrifugation, washing with ethanol solvent with stirring and then drying at 353 K overnight. After this procedure, the reclaimed Ni-Al-NO 3 -LDH catalyst was re-employed for the reaction.
Theoretical calculation methods and models
To study the energy and structural details of the reaction, ab initio calculations were performed using the Gaussian 98 program. Preliminary geometry optimisations including the monomers, complexes and the transition states (TSs) were carried out at the Hartree-Fock level using the 3-21G basis set. The elementary reaction activation energies (E a ) for the TSs and complexes were further examined using single-point calculations.
where E TS is the energy of the optimised TS and E AB is the energy of the optimised complex (AB). Figure 1 shows the XRD patterns of samples obtained at different pH. As the results suggest, modulating the molar ratio of n(NO 3 -) to n(HMT) in the synthesis process could vary the composition of the product (appearing as Ni-Al-NO 3 -LDH or Ni-Al-CO 3 -LDH plane demonstrates the brucite-like layer structure to be unchanged despite the obvious change of interlayer distance, which gives credence to the absence of amorphous aluminium phases at low pH [26] . FTIR spectra (Figure 2 ) of the samples reconfirm the differences among the Ni-Al-LDHs obtained under dissimilar pH values. That is, both CO 3 2 -and minor irreplaceable NO 3 -were present in Ni-Al-CO 3 -LDH; by comparison, major NO 3 -and a small amount of CO 3 2 -co-existed in Ni-Al-NO 3 -LDH. The results can be coupled with the above XRD and C, H and N elemental analysis results. The acidic property of the Ni-Al-LDHs was estimated by NH 3 -TPD and Py-IR and the results are presented in Figure 3 . NH 3 -TPD spectra of Ni-Al-NO 3 -LDH present a weak acid desorption peak near 150 °C (the amount of weak acid sites was 0.652 mmol g -1 ) while Ni-Al-CO 3 -LDH had zero sites; Py-IR was further used for checking the type of acidic sites of the Ni-Al-LDHs. The peaks near 1450 and 1490 cm -1 on the Py-IR spectra for Ni-Al-NO 3 -LDH demonstrate the existence of Lewis acid sites.
RESULTS AND DISCUSSION
Structural characterisation
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The appearance of Lewis acid sites was considered to be closely related with the structure of Ni-Al-NO 3 -LDH. ICP-AES, C, H and N elemental analysis and FTIR results refute the role of interlayer anion species as dominating participants in orienting the catalytic behaviour of Ni-Al-LDHs (actually, different relative amounts of NO 3 -and CO 3 2 -co-exist in Ni-Al-NO 3 -LDH or Ni-Al-CO 3 -LDH). It might be concluded that Lewis acid sites originate from the presence of defect surface sites with low coordination number [27, 28] .
Catalytic behaviour of Ni-Al-LDHs
As potentially environmentally-friendly heterogeneous catalysts, Ni-Al-LDHs obtained at different pH values were applied to the acetalisation reaction of furfural to furfural diethyl acetal. The catalytic performance of the Ni-Al-LDHs is listed in Table 2 . As shown in Table 2 , zero conversion of the reactants affirms Ni-Al-CO 3 -LDH to be a noneffective catalyst. For Ni-Al-NO 3 -LDH, when setting a reaction time of 30 min, the equilibrium www.prkm.co.uk conversion of furfural was up to 78.5% and the selectivity for furfural diethyl acetal was nearly 100%. Furthermore, as shown in Figure 4 , recycling experiments confirmed Ni-Al-NO 3 -LDH could be recycled several times and showed stable activity without structural change, implying that an acid catalyst was indeed required to perform the reaction as expected. The results showed that the pH synthetic environment of the catalyst had a profound effect on its catalytic performance.
Catalytic reaction: kinetics and mechanism
In order to perform the standard reactions and analysis, the calibration curve for furfural was acquired using multi-point calibration. Based on this curve, the plot of peak area versus furfural concentration could be obtained. The curves of concentration versus time for furfural as the reaction proceeded at different temperatures are given in Figure 5 ; clearly, the reaction rate varied regularly with temperature and the reactant concentration decreased exponentially with time.
Based on the mathematical treatment of the experimental data, the plots of ln (C o /C i ) versus reaction time at different temperatures are shown as Figure 6 , in which ln (C o /C i ) remains linear over time, demonstrating it to be a typical first-order reaction. The reaction rate constant (the slope of the straight line) could be obtained from the fitting function, as shown in Table 3 . www.prkm.co.uk www.prkm.co.uk Besides, the value of E a could be further obtained as 36.28 kJ mol -1 using the Arrhenius plot in Figure 7 . Riisager and co-workers employed ethanol as a renewable solvent for acetalisation of furfural to form furfural diethyl acetal with commercial zeolites as the catalysts. As contended in the reference, among the tested catalysts, H-USY (6) zeolite catalyst provided the best catalytic activity (79% conversion of furfural), selectivity and reusability [1] . By comparison, Ni-Al-NO 3 -LDH provided similar catalytic activity. The structural characterisation conveys two aspects of Ni-Al-NO 3 -LDH: firstly, the Lewis acid sites on Ni-Al-NO 3 -LDH, other than Brønsted acid sites, as the active centres can also facilitate the acetalisation of furfural and ethanol; secondly, the unique layered structure and even wider interlayer space of Ni-Al-NO 3 -LDH endow the reactants with more opportunities to contact with these active sites originating from the defects. Based on theoretical calculations, a possible reaction mechanism is outlined in Scheme 2.
Scheme 2 Mechanism of the Lewis acid-catalysed acetalisation of furfural to furfural diethyl acetal.
Here, defect sites caused by low coordination numbers in Ni-Al-NO 3 -LDH can act both as chemisorption sites for the reactants and electronically active centres facilitating surface charge transfer processes. Firstly, the formation of (A) via coordinate bonds of the hydroxyl group of ethanol by a Lewis acid site of the Ni-Al-NO 3 -LDH; secondly, furfural reacts with (A) and (B) is produced, in which process an activation barrier of 38.57 kJ mol -1 needs to be overcome. Finally, (C) will be further obtained via reaction between (B) and another ethanol by hydrogen bonding with an apparent activation energy of 27.42 kJ mol -1 ; subsequently, the final product (D) can be produced by dehydration. Although the synthesis of furfural diethyl acetal requires initial formation of the corresponding hemiacetal, this was not detected as an intermediate in any of the reactions examined. This suggests that the acetal formation was fast compared to hemiacetal formation, as also previously reported for other systems. The experimental activation energy is 36.28 kJ mol -1 , which is in reasonable agreement with the theoretical result of 38.57 kJ mol -1 and to a degree confirms the validity of our proposed reaction mechanism.
